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This study evaluated the effect of several airborne-particle abrasion protocols on the surface characteristics of monolithic zirconia and of
protocol choice on the shear bond strength of resin cement. 375 bar-shaped (45 4 3 mm3) and 500 disk-shaped (Ø9 1 mm2) monolithic
zirconia specimens were divided into 25 groups. All specimens were abraded with one of three different sizes of alumina particles (25, 50 or
125 μm), two different pressures (2 or 4 bar), two distinct application times (10 or 20 s) and two distinct incidence angles (451 or 901). The bar-
shaped specimens were used for 3-point bending test; Weibull parameters were calculated and transformed monoclinic phase (XM), surface
characteristics were examined. The disk-shaped specimens were used to determine the shear bond strength of resin cement before and after
thermocycling. All data were analyzed using 4-way ANOVA and a multiple comparison Scheffé test (α¼ .05). The particle size, pressure and
time signiﬁcantly affected the ﬂexural strength, while the incidence angle was insigniﬁcant. The XM and surface roughness were proportional to
the size, pressure, time and incidence angle. The Raman spectrum analysis showed a higher proportion of the monoclinic phase as the depth of
the specimen was closer to the abraded surface. In bonding with resin cement, the highest shear bond strength after thermocycling was obtained
by the abrasion with 50 μm particles at 4 bar for 20 s, regardless of incidence angle. Surface treatment of monolithic zirconia with 50 μm particle
at 4 bar for 20 s at either 451 or 901 incidence angles is recommended.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In response of the high demand for highly esthetic, metal-
free and biocompatible restoration materials with high ﬂexural
strength, various types of all-ceramic systems have been
developed in the last few decades. In a systematic review,
all-ceramic crowns showed comparable survival rates to
metal–ceramic crowns when used in the anterior and or
premolar regions, but had a signiﬁcantly higher fracture rate
when used in the posterior region [1]. Substantial effort has/10.1016/j.ceramint.2015.09.104
15 The Authors. Published by Elsevier Ltd. This is an open acces
mmons.org/licenses/by-nc-nd/4.0/).
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nmail.net (S.-R. Ha).been put forth in the development of more reliable all-ceramic
systems. In the early 1990s, yttria-stabilized tetragonal zirconia
polycrystal (Y-TZP) was introduced to dentistry as a core
material for all-ceramic restorations. Compared to other all-
ceramic systems, results with Y-TZP have been encouraging,
as it has shown high resistance to fracture [2,3].
Although damage to a zirconia framework has been reported
only rarely, chipping or fracturing of the ceramic veneer has
been proposed as the most frequent reason for failure of
zirconia-based restorations [4–6]. Therefore, in order to increase
the success rate of restoration and overcome the chipping
problem, zirconia restoration without veneering ceramic, called
a monolithic zirconia restoration system, was introduced. Many
studies of monolithic zirconia restorations have shown improveds article under the CC BY-NC-ND license
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is indispensable for the long-term durability of restorations.
Manufacturers also claim that zirconia ceramic restorations can
be successfully cemented with either conventional or adhesive
cements. Nevertheless, some zirconia ﬁxed partial dentures
(FPDs) show reduced retention with abutments. A strong,
durable resin bond to dental ceramics is established by the
formation of chemical bonds and micromechanical interlocking,
and achieving reliable and stable bond to zirconia remains a
challenge [10,11]. As zirconia has a polycrystalline structure
and limited vitreous phase, neither hydroﬂuoric acid etching nor
silanization can achieve durable zirconia-resin bonding [10].
Thus, various surface treatments have been introduced to
establish durable adhesion between zirconia and dental resin
cement.
For chemical bonding, many studies have shown that func-
tional monomers containing 4-methacryloyloxyethyl trimellitate
anhydride (4-META) and 10-methacryloyloxydecyl dihydrogen
phosphate (MDP) act as coupling agents [11–13]. Moreover,
recent studies showed that zirconia primers and chemically
adhesive resin cements have reliable bond strength [13,14].
For mechanical interlocking, airborne-particle abrasion has
been used to clean the surface, removes impurities, increases
surface roughness, and modify the surface energy and wett-
ability. In addition, airborne-particle abrasion provides the
mechanical impingement of particles on the surface [15–17],
which results in a roughened surface and allows the resin
cement to ﬂow into these micro-retentions and creates a
stronger micromechanical interlock [18]. Airborne-particle
abrasion with alumina has been identiﬁed as a key factor in
achieving a durable bond for zirconia-based ceramics [19–21].
Different sizes of abrasive alumina particles have been used,
without evidence of the superiority of one over another [10–
12,22]. However, recent in vitro studies report that airborne-
particle abrasion may have a deleterious effect on the zirconia
surface due to the creation of microcracks, which might reduce
the ﬂexural strength [23,24]. Moreover, the tetragonal phase of
Y-TZP is converted to the monoclinic phase with volume
expansion (4–5%) under the high stresses caused by airborne-
particle abrasion, and this unique transformation can produce
different types of damage that affect the structural integrity and
material reliability [25,26]. Speciﬁcally, this process may result
in an increase in the crack propagation resistance of Y-TZP for
a certain period of time, functioning as a toughening mechan-
ism [17,27]. Conversely, since the presence of the monoclinic
structure is unstable and stressful, there is a higher tendency
for the zirconia ceramic in this phase to be fragile. Thus, it may
result in an increase in the fracture tendency over the longer
term [23,28,29]. The counteracting effects of airborne-particle
abrasion on the ﬂexural strength of Y-TZP are controversial in
terms of effective power and duration of abrasion, and the role
of surface ﬂaws acting as the stress concentrators relative to the
stress-induced surface compressive layer [23,30,31].
Although several surface treatments have been recently
described [10,18,32–39], the selection of the most appropriate
airborne-particle abrasion protocol on for Y-TZP remains
controversial. Moreover, no literature describing the phasetransformation of monolithic zirconia under various airborne-
particle abrasion protocols could be found. Thus, it is
necessary to determine the optimum protocol for airborne-
particle abrasion for monolithic zirconia restoration, in order to
consistently achieve a more favorable clinical outcome.
This study was aimed to evaluate several airborne-particle
abrasion protocols and to determine how they affect monolithic
zirconia in terms of ﬂexural strength, surface characteristics,
and reliability. The shear bond strength between the abraded
monolithic zirconia and resin cement was also evaluated. The
null hypothesis to be tested was that there was no difference in
ﬂexural strength, surface characteristics or shear bond strength
of resin cement before and after thermocycling among groups
treated with various airborne-particle abrasion protocols.
2. Materials and methods
2.1. Evaluation of microstructural changes in airborne-
particle abraded monolithic zirconia ceramic
2.1.1. Preparation of the specimens
Three-hundred seventy-ﬁve specimens (45 4 3 mm3) of
densely sintered high-purity monolithic zirconia ceramic
(Zmatch, Dentaim, Seoul, Korea) – which consisted of 94–
95% ZrO2 and HfO2, 570.2% Y2O3 and r0.25% Al2O3 –
were fabricated. The samples, denoted ‘as-received’, were wet
ground in sequence, ﬁrst with 300 grit diamond grinding disk
and sequentially with 6, 3 and 1 μm diamond slurry. The
grinding and polishing were performed in order to minimize
surface defects on the specimens before testing.
2.1.2. Surface treatment with alumina air abrasion
Bar-shaped specimens were randomized into 25 groups
(n¼15), and for each group a different surface treatment
was applied to the top surface of the specimens (Group B to
Y). Group A was the control group, with the surface remaining
in the ‘as-received’ state for comparison. For alumina particle
abrasion, the specimens were mounted in a sample holder at a
distance of 10 mm from tip of the sandblaster unit (AX-B3,
AxianMedical Co., Tianjin, China), equipped with a 5 mm
diameter nozzle. Specimens were abraded with 25, 50 or
125 μm alumina particles (Cobra, Renfert GmbH, Hilzingen,
Germany) at an air pressure of 2 or 4 bar for 10 or 20 s. The
incidence angle of particle delivery was maintained at either
451 or 901. The airborne-particle abrasion protocols for each
group are shown in Table 1.
2.1.3. X-ray diffractometry and Raman spectroscopy analyses
Before and after the airborne-particle abrasion, randomly
selected specimens from each group were examined to deter-
mine the crystalline phases by X-ray diffractometry (D8 DIS-
COVER, Bruker, Karlsruhe, Germany). X-ray diffraction data
was collected using 2θ diffractometer and Cu-Kα radiation. The
diffractogram was obtained from 201 to 401 at a scan speed of
51/min and a step size of 0.021, covering the location of the
highest peaks of t and m phases. The monoclinic phase peak
Table 1
Experimental groups with the various airborne-particle abrasion conditions.
Group Size of particle (μm) Pressure (bar) Time (s) Angle (deg)
A (Control) No treatment
B 25 2 10 45
C 10 90
D 20 45
E 20 90
F 4 10 45
G 10 90
H 20 45
I 20 90
J 50 2 10 45
K 10 90
L 20 45
M 20 90
N 4 10 45
O 10 90
P 20 45
Q 20 90
R 125 2 10 45
S 10 90
T 20 45
U 20 90
V 4 10 45
W 10 90
X 20 45
Y 20 90
J.-E. Moon et al. / Ceramics International 42 (2016) 1552–15621554intensity ratio (XM) was calculated using the method described
by Garvie and Nicholson [40].
Raman spectra were collected with a triple monochromator
spectrometer (MonoRa 750i, Dongwoo optron, Kwangju, Korea).
The Ar laser (488 nm wavelength) beam was focused using an
optical microscope with a  100 long-focal objective. Sample
exploration and record spectra were performed in steps of 1 μm.
2.1.4. Scanning Electron Microscopy (SEM), Confocal Laser
Scanning Microscopy (CLSM) and Atomic Force Microscopy
(AFM) analyses
Randomly selected specimens from all groups were exam-
ined using a scanning electron microscope (FE-SEM, S-4700,
HITACHI, Tokyo, Japan) at  500 and  5000 magniﬁcation.
Typical cases were used for illustration. Confocal laser
scanning microscopy (LSM 5 Pascal, Carl Zeiss Microscopy,
Göttingen, Germany) was performed to evaluate the surface
roughness (Sa) values of the experimental groups. The measur-
ing area was 450 450 μm2, and the height of the z-stack was
30 μm in 1 μm intervals.
An atomic force microscope (SPA-400, Seiko instruments,
Chiba, Japan), operated in contact mode set to a 10 μm tip
height, no rotation of cone angle and 125 μm cantilever length,
was used to obtain a quantitative and qualitative data. This
created a 3-dimensional image of the microstructural surface,
located in the center of the samples.
2.1.5. Flexural strength test
After the different surface treatments, a 3-point bending test
was performed at a cross-head speed of 1 mm/min in auniversal testing machine (Model 3345, Instron, Canton,
MA, USA) according to the ISO 6872:2008 guideline. Max-
imum load to failure was recorded, and the ﬂexural strength
(sf) was calculated in MPa.
2.2. Shear bond strength of resin cement
2.2.1. Preparation of the specimens
Five-hundred disk-shaped specimens (Ø9 1 mm2) were
fabricated and then sintered in the relevant equipment and
randomly distributed into 25 groups (n¼20). Airborne-particle
abrasion protocols were the same as described in Section 2.1.2.
2.2.2. Bonding procedure
All specimens were embedded in polytetraﬂuoroethylene
(PTFE) molds such that the abraded surface of the disk
remained uncovered for the application of the resin cement.
Commercially available dual-cured resin cement (Panavia F
2.0, Lot no. A paste-00535A and B-paste 00101A, Kuraray
Medical Co. Ltd., Osaka, Japan) was chosen because it has the
functional monomers (MDP). The resin cement was mixed and
packed incrementally into the PTFE ring using a hand
instrument and then left to polymerize completely for 30 min
at 2371 1C after a 20 s LED light curing (EliparTM S10, 3M
ESPE, St. Paul, MN, USA). After setting, half of the speci-
mens in each group (n¼10) were subjected to thermocycling
for 5000 cycle between 5 and 55 1C. The dwelling time at each
temperature was 30 s, and the transfer time from one bath to
another was 2 s. The remained subgroups (n¼10) were tested
without thermocycling.
2.2.3. Shear bond strength test
The specimen was mounted in the jig of a universal testing
machine (Model 3345, Instron, Canton, MA, USA) and was
subjected to the shear stress at a constant crosshead speed of
1 mm/min until a fracture was evident between the zirconia
and resin cement. Maximum load to failure was recorded, and
shear bond strength was calculated in MPa before and after
thermocycling. The fracture surfaces of selected specimens
were examined using SEM (FE-SEM, S-4700, HITACHI,
Tokyo, Japan) at  30 and  500 magniﬁcation.
2.3. Statistical analysis
For ﬂexural strength, statistical analyses were performed
using 4-way ANOVA and Scheffé multiple comparisons
(α¼ .05). The 4 factors used for the analyses were abrasion
particle size, pressure, time and incidence angle. In addition to
the above measurements, the strength distributions of quasi-
brittle materials like ceramics are generally considered to be
more properly described by Weibull statistics rather than mean
strength values determined using a Gaussian strength distribu-
tion [41–43].
In addition, differences in shear bond strength before and
after thermocycling were also tested with 4-way ANOVA
(α¼ .05). All calculations were performed using SPSS statistical
software package (SPSS 20.0; SPSS Inc., Chicago, IL, USA).
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The mean ﬂexural strength, characteristic strength (s0) and
Weibull modulus (m) for the experimental groups are listed in
Table 2.
In this study, mean ﬂexural strength ranged from 11797
74.1 MPa to 26957283.1 MPa, the characteristic strength from
1212 MPa to 2827 MPa, and Weibull modulus from 7 to 20. The
specimens tested in the control group showed mean ﬂexural
strength of 1454793.6 MPa, s0 of 1496 MPa and m of 18.
When specimens were abraded with 25 μm alumina particles, there
was a signiﬁcant increase in the ﬂexural strength compared to that
of the control group. However, with the 50 and 125 μm alumina
particles, there were no signiﬁcant differences. Higher pressure and
longer abrasion time increased the ﬂexural strength of the 25 μm
particle size; abrasion under 4 bar and 20 s resulted in signiﬁcantly
increased strength compared to that at 2 bar and 10 s. However,
trends in these tendencies were less unclear with other particle
sizes. The 50 μm particle size showed a tendency toward slightly
decreased strength with higher pressure and longer time, except for
Group M, while the 125 μm particle size showed slightly increased
strength with higher pressure and longer time, except for Group Y.
Weibull moduli were decreased in experimental groups except for
Groups B and C.
According to the 4-way ANOVA for ﬂexural strength
measured with the 3-point bending test, we observed that the
3 main factors tested (alumina particle size, pressure and time)
all signiﬁcantly affected the ﬂexural strength; however, the
incidence angle did not. Interactions were all signiﬁcant except
for size incidence angle, pressure incidence angle, and
time incidence angle. The highest strength specimens
resulted from the following parameters: 25 μm particles,
4 bar, 20 s and 451 (Group H, s0¼2827 MPa).
Fig. 1a presents the Raman spectra obtained in Group U at
several depths. The tetragonal phase was observed with intense
peaks at 147, 265 and 320 cm1. Conversely, the monoclinic
intense peaks at 181 and 190 cm1 were observed in the spectra of
the most external area. XM increased with larger particle size,
higher pressure, longer time, and increased incident angle except
for Group K, and ranged from 0% (control group) and 16%
(Group B) to 40% (Group Y). The X-ray diffraction spectra of the
control group and the experimental Group Y, the latter having the
highest monoclinic contents among the experimental specimens,
are shown in Fig. 1b. The XM values were 0% and 40%. The
group A spectra only have one t peak at 30.21, while m peaks were
shown at both sides of a reduced and broadened t peak in the
Group Y spectra. These results conﬁrm that the observed
asymmetry in the spectrum of Group Y was due to concentrated
the stress in the region of the abraded surface. The relative
proportion of the specimens in the monoclinic phases (XM) is
summarized in Table 2.
The surface roughness values (Sa) measured by CLSM are
presented in Table 2. The representative surface images
showing differences between the groups are shown using
reconstructed 3D images of Groups A, B and Y in Fig. 2a–c.
The mean surface roughness of specimen ranged from
0.3370.015 μm to 0.9170.055 μm. The control group (Fig.
Fig. 1. (a) Raman spectra obtained in Group U at several depths. The monoclinic doublet at 181–190 cm1 is evident in the spectra of the most external area, but
closer to surface; (b) X-ray diffraction patterns obtained from Groups A and Y. Graph of Group Y shows the m intensity peak near 291 and 311 and shorter t peak
compared with Group A.
J.-E. Moon et al. / Ceramics International 42 (2016) 1552–156215563a) had a mean Sa of 0.0770.002 μm. Of the test specimens,
Group B had the smallest value of 0.3470.007 μm (Fig. 2b),
and Group Y had the highest value of 0.9170.055 μm (Fig.
2c). The mean Sa increased with larger particle size, higher
pressure, longer time and larger incidence angle, except for
Groups B and C (Both Sa¼0.34 μm).
Microscopic examination revealed changes in the topographic
surfaces of monolithic zirconia ceramics after airborne-particle
abrasion with alumina (Fig. 3). SEM observations revealed anincrease of surface roughness in accordance with the increase of
Sa value. In the control group, no micro-retentive pattern could
be detected (Fig. 3a and b). After airborne-particle abrasion with
25 μm, the smooth surface was roughened and the polished
pattern was no longer seen (Fig. 3c and d). This treatment
produced a coarse surface with grooves and sharp edges. With
the larger particle size of 125 μm, strong abraded conditions
created a similar but more roughened surface (Fig. 3e and f).
Fig. 2. The representative confocal laser scanning microscopy images of the selected groups: (a) Control group; (b) the smallest Sa value among abraded groups –
Group B; (c) the highest Sa value among abraded groups – Group Y.
Fig. 3. Scanning electron micrographs (the left sides magniﬁcation  500 and the right sides  5000) of zirconia surfaces: (a, b) Control group; (c, d) Group B
which had the smallest mean Sa value; (e, f) Group Y which had the highest mean Sa value.
J.-E. Moon et al. / Ceramics International 42 (2016) 1552–1562 1557
Fig. 4. Representative microstructural images by atomic force microscopy: (a) Control group; (b) Group Y. Control group has the maximum height of 190.08 nm,
but Group Y has the maximum height of 3,262.85 nm.
J.-E. Moon et al. / Ceramics International 42 (2016) 1552–15621558The representative AFM images are shown in Fig. 4. The
‘as-received’ surface of the control group exhibited a few small
spikes and is shown in Fig. 4a. Fig. 4b shows the engraved
surface after abrasion with 125 μm, 4 bar, 20 s and 901
(Group Y).
The mean and standard deviations of shear bond strength in all
groups are listed in Table 3. In this study, the mean shear bond
strength of resin cement ranged from 10.872.52 MPa to
18.373.64 MPa before thermocycling and from 6.172.84 MPa
to 12.773.38 MPa after thermocycling. The control group showed
mean shear bond strength of 6.771.92 MPa before thermocycling
and 3.071.12 MPa after thermocycling. Airborne-particle abrasion
signiﬁcantly increased the bond strength, while thermocycling
decreased the bond strength of resin cement. In the thermocycling
groups, strong shear bond strengths were observed in specimens
abraded with 50 μm, 4 bar, 20 s at both 451 and 901 (Groups P and
Q). On the other hand, weak shear bond strengths were observed in
specimens abraded with 125 μm, 2 bar and 10 s at both angles
(Groups R and S). Specimens abraded with 50 μm particles
exhibited signiﬁcantly higher values on a similar surface roughness
level compared with 25 or 125 μm. The 3 main factors (alumina
particle size, pressure and time) signiﬁcantly affected the bonding
with resin cement; however, the incidence angle did not. Interaction
of alumina particle size pressure signiﬁcantly affected the shear
bond strength before thermocycling. However, only the interactionof particle size pressure time was statistically signiﬁcant after
thermocycling. This means that the effects of each of the factors
individually did not account for the results observed with the
combination of particle size pressure time that resulted in
higher shear bond strength after treatment with the aging process.
The group with the highest bond strength was obtained with 50 μm
particles at 4 bar for 20 s, using either 451 or 901.
Fig. 5 shows the representative SEM images of the fractured
interfaces in control group, Group R and Group Q, each having
shear bond strength of 3.071.12 MPa, 6.973.56 MPa and
12.773.38 MPa. In the control group (Fig. 5a and b), there
was no remnant of resin cement remaining on the fractured
surface. Group R (Fig. 5c and d), which had the lowest shear
bond strength (6.973.56 MPa), showed adhesive failure at the
zirconia/cement interface. Group Q (Fig. 5e and f), which had
the highest shear bond strength (12.773.38 MPa), exhibited
adhesive failure with more remnants of the resin cement on
zirconia surface.
4. Discussion
As revealed by 4-way ANOVA, the null hypothesis that
there is no difference in the ﬂexural strength and characteristics
by modifying alumina airborne-particle abrasion protocols on
monolithic zirconia could be rejected. In addition, the shear
Table 3
Mean and standard deviation in parenthesis of shear bond strength (MPa) of
resin cement investigated before and after thermocycling.
Group 0 Thermocycles 5000 Thermocycles
A (Control) 6.7 (1.92) 3.0 (1.12)
B 11.3 (3.73) 6.9 (3.56)
C 11.6 (2.77) 8.3 (2.36)
D 12.8 (1.76) 8.5 (3.87)
E 13.3 (4.42) 8.4 (2.07)
F 11.8 (3.40) 8.6 (2.57)
G 11.7 (1.62) 8.8 (2.97)
H 14.8 (2.46) 9.4 (2.80)
I 12.7 (3.44) 8.9 (2.62)
J 13.7 (3.88) 12.1 (2.57)
K 12.2 (2.12) 11.3 (2.61)
L 14.7 (3.94) 10.3 (2.07)
M 15.3 (3.13) 11.4 (2.82)
N 15.5 (2.08) 10.4 (2.56)
O 15.3 (3.78) 11.1 (2.28)
P 18.1 (4.41) 12.6 (3.73)
Q 18.3 (3.64) 12.7 (3.38)
R 10.8 (2.52) 6.1 (2.84)
S 10.8 (3.16) 6.2 (1.36)
T 11.3 (0.56) 10.6 (3.51)
U 12.0 (1.99) 11.1 (3.71)
V 12.0 (3.70) 9.4 (2.82)
W 11.5 (0.61) 10.4 (2.89)
X 12.6 (3.69) 9.9 (2.39)
Y 12.1 (2.07) 9.8 (2.52)
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lithic zirconia surface after thermocycling was signiﬁcantly
higher than that of the ‘as-received’ specimen. These results
support the rejection of the null hypothesis that shear bond
strength of resin cement to the abraded monolithic zirconia
surface would not be different from that to a ‘as-received’ one,
and that thermocycling does not affect shear bond strength of
resin cement to the abraded surface.
In this study, airborne-particle abrasion provided a powerful
method for improvement of both ﬂexural strength and bond
strength of resin cement at the cost of a somewhat lower
degree of reliability. According to Kosmac et al. [15], this
ﬁnding is likely explained by considering two competing
factors inﬂuencing the strength of surface-treated Y-TZP
ceramics. One is residual surface compressive stresses which
contribute to strengthening, and the other is the mechanically-
induced surface ﬂaws which cause strength degradation.
Compressive stresses are formed due to t-m transformation,
which increase the ﬂexural strength of zirconia ceramics by
resisting crack propagation [2,15,30,31]. However, under
clinical conditions where the material is exposed to thermal
and mechanical cycling in an aqueous environment over long
periods, fracture initiation at lower levels of applied stress is
enhanced [15]. The amount of tetragonal phase that is able to
transform to monoclinic under compression is one of the main
features of zirconia ceramics, because this determines the
fracture toughness [44].
The variability in strength of ceramics is primarily due to the
extreme sensitivity to the presence of cracks of different sizes[45]. For a given ceramic material, the distribution of crack
size, shape, and orientation differs from sample to sample.
Thus, Weibull proposed two parameter distribution functions
to characterize the strength of brittle materials and the Weibull
distribution function is widely used to model or characterize
the ﬂexural strength of various brittle materials including
dental ceramics [41,42,45]. For Y-TZP, the ﬂexural strength
varies from 700 to 1200 MPa and the Weibull modulus from
10 to 18 [15,17,46,47]. In this study, the mean values of the
monolithic zirconia characteristic strength ranged from 1212 to
2827 MPa, and Weibull modulus from 7 to 20. There were
signiﬁcant effects of airborne-particle size, notably the 25 and
50 μm particle sizes, on the ﬂexural strength and Weibull
characteristic strength, which generally also resulted in a
decrease in reliability in all but two groups (Groups B and
C). Interestingly, an increase in particle size (125 μm) pro-
duced a decrease in the ﬂexural strength data and reliability
(Table 2). Due to high stresses developed during abrasion with
125 μm particle size, severe surface cracks were formed which
likely reduced the strength and reliability of the material
[15,48]. The effect of the large-sized particles on the zirconia
specimen may produce unstable ﬂaws or substrate damage
with microcracks.
Low particle velocity with small size, low pressure and low
angle has a reduced rate of surface erosion [49], and hence it
would appear that particles at 451 are more likely to safely
abrade brittle substrates in combination with a low air stream
pressure. At low velocity and relatively smaller particle sizes
(25 and 50 μm), a signiﬁcant increase in Weibull modulus and
characteristic strength, representing an improvement in the
reliability of the ﬂexural strength data, was observed with a
decrease in the incidence angle, whereas at high velocity and a
125 μm particle size, a decrease in the Weibull modulus and
characteristic strength of the specimens was observed.
When an abrasive particle is pressed against the surface of
the monolithic zirconia specimen, a contact stress ﬁeld is
generated which, for the various airborne-particle abrasion
protocols used here, was able to reach a magnitude sufﬁcient to
induce the t-m transformation up to a depth of 10 μm, as
shown in Fig. 3. In X-ray diffraction data, the amount of
monoclinic phase (XM) was increased with larger particle size,
higher pressure, longer time and larger incidence angle. This is
consistent with various in vitro studies which have shown that
the amount of monoclinic phase produced varied according to
these four factors [16,36]. Interestingly, in this study, the
incidence angles factor took precedence over time factor in
certain groups (Groups G and H, Groups K and L, Groups O
and P, Groups S and T). Except the weakest conditions
(Groups C and D) and the strongest conditions (Groups W
and X), the same trends for variation in the incidence angle
were shown over time under the same pressure conditions
throughout the X-ray diffraction spectra. In addition, the
combination of the incidence angle and the abrading time
seemed more important than pressure in m transformation
phase. All groups with protocols that included 2 bar, 20 s and
901 parameters exhibited higher XM than those with protocols
that called for 4 bar, 10 s and 451.
Fig. 5. Scanning electron micrographs (the left sides magniﬁcation  30 and the right sides  500) of zirconia surfaces: (a, b) Control group; (c, d) Group R which
had the lowest shear bond strength to resin cement; (e, f) Group Q which had the highest shear bond strength to resin cement.
J.-E. Moon et al. / Ceramics International 42 (2016) 1552–15621560Sa data in our study suggest that the interaction of different
size of particle, pressure, time and angle promote different
topographic patterns on the monolithic zirconia ceramic
surfaces. It is noteworthy that surface roughness of groups
with 10 s and 901 was similar to that of groups with 20 s and
451 at the same pressure, and that the relative monoclinic
phase contents were similar in both groups. It is possible that
lower particle velocity may cause smaller surface fragments to
be broken thereby increasing surface roughness without
introducing more detrimental defects in spite of longer abrad-
ing time. With smaller particle sizes, it will then be favorable
to either increase the incidence angle and shorten the abrading
time or decrease the angle and extend the abrading time. When
125 μm-sized alumina was employed, the surface roughness
(Sa) value increased reﬂecting the relative ‘chipping’ phenom-
enon at the zirconia surface.
Various in vitro studies have shown that airborne-particle
abrasion with alumina is an essential step in achieving a
durable bond to high strength ceramics [10,13,23,50].However, despite the increase in bond strength between the
resin cement and zirconia ceramics, the application of
airborne-particle abrasion on such ceramics is controversial
due to the possible introduction of ﬂaws and microcracks
[51,52]. As expected, the application of airborne-particle
abrasion to monolithic zirconia specimens resulted in a
signiﬁcant increase in shear bond strength, as observed in
the values of shear bond strength in both pre- and post-
thermocycled specimens' compared to the ‘as-received’ mono-
lithic zirconia specimens. In bonding with resin cement after
thermocycling, the highest shear bond strength was observed
in groups abraded with 50 μm particles, whereas the lowest
shear bond strength in groups abraded with 125 μm. In other
words, groups abraded with 125 μm exhibited signiﬁcantly
lower shear bond strength compared to the 50 μm abrasion-
groups, despite having similar surface roughness levels. The
difference in shear bond strength values of the two groups
decreased after thermocycling. This ﬁnding suggested that
thermocycling signiﬁcantly reduces the shear bond strength
J.-E. Moon et al. / Ceramics International 42 (2016) 1552–1562 1561regardless of alumina particle size in airborne-particle abra-
sion. This result is in accordance with other studies showing
the relative insigniﬁcance of the particle size difference in
abrasion when the outcome of interest is the production of a
durable bond between Y-TZP and resin cement [10,22,53].
Moreover, these results indicate that, while airborne-particle
abrasion of monolithic zirconia produces superﬁcial irregula-
rities corresponding to the certain abrasion protocol, the effect
of severe-sized undercuts is limited considering its contribution
to the increase of surface roughness. Ultimately, the recom-
mended mean size of alumina particle is 50 μm considering its
ideal contribution to surface roughness and monoclinic phase,
providing optimal shear bond strength, and its cleaning effect
on the inner surface of restorations.
In this study, shear bond strengths were signiﬁcantly
decreased regardless of the size of alumina particle for surface
treatment after 5000 thermocycles. Interaction of particle
size pressure time was not signiﬁcant before thermocy-
cling; however, it became statistically signiﬁcant after thermo-
cycling. This change may suggest that the interaction of the
three factors (particle size, pressure, time) maintains the long-
term resin bond strength of monolithic zirconia ceramics [53].5. Conclusion
In short, the interaction between the abrasive particle and the
substrate surface clearly relies on complex interactions and
cannot be explained by a simple theoretical model. The
alteration of the ﬂaw population of the specimen is often
indiscriminate but may have dramatic effects on the longevity
of a restoration. Airborne-particle abrasion with alumina
increases the monolithic zirconia surface area and increases
the surface area allowed, to an even greater extent, for the
reaction between the resin cement and zirconia ceramics. This
study suggests that airborne-particle abrasion with mean
particle size of 50 μm, 4 bar and 20 s in both angles of
incidence is effective for reliability of monolithic zirconia
ceramics and for strong and durable bond formation with resin
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